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Fasting elephant seals rely primarily on the oxidation of their extensive fat stores to meet ϳ90 -95% of their energy requirements and maintain high levels of plasma glucose (5, 21) during their fast. Such reliance on lipid oxidation results in elevated circulating free fatty acids levels (4, 32) , which have been shown to impair insulin signaling (14) . The high plasma glucose concentrations in elephant seals are maintained through the recycling of glucose and its derivatives (5, 18) . Further biochemical and hormonal alterations that characterize prolonged fasting in elephant seals are the lack of ketoacidosis and elevated cortisol (4, 32, 33) . The latter most likely contributes to the sustained hepatic gluconeogenesis (5, 18) and possibly promotes insulin resistance, which is commonly associated with fasting in humans and rodents, by impairing insulin secretion and sensitivity (10, 37) .
Normally, elevated plasma glucose concentrations stimulate pancreatic ␤-cell secretion of insulin (19) . After binding the insulin receptor (IR) on target tissues, insulin stimulates the phosphorylation of insulin receptor substrate-1 (IRS-1), which then associates with phosphatidylinositol 3-kinase (PI3-kinase) and leads to the phosphorylation of Akt2 (9, 17, 28) . Activation of this pathway typically increases the translocation of the glucose transporter 4 (Glut4) to the plasma membrane, increasing the uptake of glucose and decreasing plasma glucose levels (9, 28) . In fasting mammals, the levels of plasma glucose decrease, causing the expression and translocation of Glut4 to decrease and remain at a basal level (28, 37) . Proteins such as peroxisome proliferator-activated receptor-␥ (PPAR␥) and 5= AMP-activated protein kinase (AMPK) monitor energy status and help to regulate substrate availability during this time so that tissues can acquire the energy they need (2, 20) .
Elephant seals exhibit a unique biochemical profile, which makes them a very viable and tractable model for the study of insulin resistance. However, their cellular signaling mechanisms and their relationship to fasting blood glucose and hormone levels first need to be evaluated. Although there are various other mammalian (primarily rodent) models of insulin resistance, the seal is unique because it appears to be adapted to elevated plasma glucose as the detrimental effects of chronically elevated glucose have not been observed in this animal (7, 13, 21, 24, 32, 33) .
Northern elephant seals have evolved robust cellular mechanisms that contribute to their observed vitality during prolonged fasting. Because it had been reported that plasma glucose decreased with fasting in elephant seals (5, 7, 21, 32), we investigated how the levels of cellular proteins involved in the insulinmediated uptake of glucose changed in adipose tissue during prolonged fasting in a naturally adapted mammal to address the hypothesis that fasting increases adipose Glut4 content.
MATERIALS AND METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committees of both the University of California Merced and Sonoma State University. All work was realized under the National Marine Fisheries Service marine mammal permit #87-1743.
Sample collection and preparation. Seventeen northern elephant seal pups at Año Nuevo State Reserve (30 km north of Santa Cruz, CA) were sampled at two periods during their natural postweaning fast: Early group (2-3 wk postweaning; n ϭ 9) and Late group (6 -8 wk postweaning; n ϭ 8). Animals were initially sedated with 1 mg/kg Telazol (tiletamine/zolazepam HCl, Fort Dodge Labs, Ft Dodge, IA) administrated intramuscularly. Once immobilized, a 18-gauge, 3.5-inch spinal needle was inserted into the extradural spinal vein; blood samples were collected in prechilled EDTA-treated vacutainer sample tubes containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and placed on ice. Continued immobilization was maintained with ϳ100 mg bolus intravenous injections of ketamine as needed. Adipose tissue biopsies were collected by first cleaning a small region in the flank of the animal near the hind flipper with alternating wipes of isopropyl alcohol and betadine, followed by a subcutaneous injection of 2-3 ml of lidocaine (Henry Schein, Melville, NY). A small (Ͻ1.5 cm) incision was made using a sterile scalpel, and a blubber biopsy (ϳ100 -200 mg) was collected with a sterile biopsy punch needle (Henry Schein). Biopsies were rinsed with cold, sterile saline, placed in cryogenic vials, immediately frozen by immersion in liquid nitrogen, and stored at Ϫ80°C until later analyses.
Blood samples were centrifuged 15 min at 3,000 g at 4°C, and the plasma was transferred to cryo-vials, frozen by immersion in liquid nitrogen, and immediately stored at Ϫ80°C. Frozen tissue samples were homogenized in 500 l of hypotonic buffer containing a protease and phosphatase inhibitor cocktail (Sigma) to lyse the cells without disrupting the plasma membrane. This was then centrifuged at 13,200 rpm for 15 min, and the aqueous layer containing the cytosolic proteins was aliquoted into a separate tube. Then 500 l of TBS containing 1% Triton X-100, 1% SDS, and 1% protease and phosphatase inhibitor cocktail was added to the pellet and sonicated to disturb the membrane. This was then centrifuged at 13,200 rpm for 15 min and the aqueous layer containing membrane-bound proteins was transferred to a separate tube. Total protein content in both cytosolic and membrane-bound fractions was measured by Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Western blot analysis. Thirty micrograms of total protein were resolved in 4 -15% Tris·HCl SDS gradient gels. Proteins were electroblotted using the Bio-Rad Trans Blot SD semi-dry cell onto 0.45-m nitrocellulose membranes. Membranes were blocked with 3% BSA in PBS containing 0.05% of Tween 20 and incubated overnight with primary antibodies (diluted 1:500 to 1:5,000) against p-IR-␤ (cat. no. sc-81500), p-IRS-1/IRS-1 (cat. no. sc-17195, sc-8038), PI3-kinase (cat. no. sc-7248), Akt2 (cat. no. sc-7127), Glut4 (cat. no. sc-7938), PPAR␥ (cat. no. sc-6285), AMPK/p-AMPK (cat. no. sc19128, sc-33524) (Santa Cruz Biotechnology, Santa Cruz, CA), IR-␤ (cat. no. 905-683-100), p-Akt2 (cat. no. 905-773-100), and ␤-actin (cat. no. 905-733-100) (Assay Designs, Ann Arbor, MI). Membranes were washed, incubated with horseradish peroxidaseconjugated secondary antibodies (Pierce, Rockford, IL), rewashed, and developed by using the Immun-Star Western C kit (Bio-Rad). Blots were visualized using a Chemi-Doc XRS system (Bio-Rad) and quantified by using Bio-Rad's Quantity One software. In addition to consistently loading the same amount of total protein per well (30 g), densitometry values were further normalized by correcting for the densitometry values of ␤-actin.
Plasma analyses. The plasma concentrations of insulin (guinea pig anti-porcine; Millipore, Billerica, MA) and cortisol (Siemens, Los Angeles, CA) were measured with commercially available, radioimmunoassay kits, previously validated for use with elephant seal plasma (5, 32, 33) . Plasma adiponectin was measured by ELISA (anti-canine; Millipore, Billerica, MA). Immunoreactivity of northern elephant seal adiponectin in plasma was validated for the commercial antibody by examining the degree of parallelism between a serially diluted pool of northern elephant seal plasma and the standard curve.
The curves were constructed using Prism 5Software (GraphPad Software, La Jolla, CA). All samples were analyzed in duplicate and run in a single assay with intra-assay, percent coefficients of variability of Ͻ 10% for all assays. Blood glucose was measured on a clinical autoanalyzer (Roche Diagnostics, Somerville, NJ). Nonesterified fatty acids were determined by an enzymatic colorimetric method (Wako, Richmond, VA).
Statistics. Means Ϯ SE were compared between Early and Late fasting groups by ANOVA and considered significantly different at P Ͻ 0.05. The changes in adipose protein content between Early and Late groups were presented as ratios of phosphorylated to unphosphorylated (IR, IRS-1, Akt2, AMPK) and percent change from the Early group (Glut4). Statistical analyses were performed with the SYSTAT 11.0 software (SPSS, Richmond, CA).
RESULTS
Fasting decreases body mass. Mean body mass decreased 18% (P Ͻ 0.001) over the sampling period during the postweaning fast in elephant seal pups (Early group: 112 Ϯ 11 vs. 92 Ϯ 5 kg).
Concentrations of circulating parameters in fasting elephant seals. There was an 18% decrease (P Ͻ 0.001) in mean plasma glucose (Early group: 9.8 Ϯ 0.5 vs. Late group: 8.0 Ϯ 0.3 mM) ( Fig. 1 ) as well as a 63% decrease in plasma insulin (P Ͻ 0.01; 2.7 Ϯ 0.4 vs. 1.0 Ϯ 0.1 U/ml) during prolonged fasting (Fig.  1) . Mean plasma cortisol doubled (P Ͻ 0.001; 124 Ϯ 6 vs. 257 Ϯ 30 nM) late in the fast (Fig. 1) , while plasma adiponectin decreased 23% (P Ͻ 0.001; 230 Ϯ 13 vs. 177 Ϯ 11 ng/ml) (Fig. 1) . Mean plasma nonesterified fatty acids increased by 41% (0.65 Ϯ 0.03 mM vs. 0.92 Ϯ 0.05 mM) late in the fast.
PPAR␥ and AMPK. The expression of PPAR␥ was measured to determine the differentiation and insulin sensitivity status of adipocytes. AMPK was measured to evaluate the effect of fasting on the energy state of adipocytes. PPAR␥ content decreased (P Ͻ 0.001) 25% (Early group: 0.71 Ϯ 0.03 vs. Late group: 0.53 Ϯ 0.01) with fasting, while the phosphorylation of AMPK (p-AMPK-to-AMPK ratio) increased (P Ͻ 0.05) 17% (0.92 Ϯ 0.03 vs. 1.08 Ϯ 0.06) (Fig. 2) .
Insulin signaling pathway in adipose tissue is downregulated during prolonged fasting in elephant seals. The expression of proteins involved in insulin signaling was measured in Fig. 1 . Mean Ϯ SE plasma glucose, insulin, cortisol, and adiponectin from Early (2-3 wk postweaning; n ϭ 9) and Late (6 -8 wk postweaning; n ϭ 8) prolong-fasted elephant seals. #Significant difference from Early group at P Ͻ 0.01, ‡significant difference from Early group at P Ͻ 0.001. (Fig. 3) .
Glut4 content in adipose tissue increases with prolonged fasting in elephant seals. The expression of Glut4 was measured in the membrane-bound fraction of adipose tissue homogenate to evaluate its involvement in the clearance of circulating glucose. Despite the decrease in circulating insulin and proteins involved in insulin signaling, prolonged fasting increased (P Ͻ 0.01) adipose Glut4 content by 31% (Early group: 100 Ϯ 4 vs. Late group: 131 Ϯ 2%) (Fig. 4) .
DISCUSSION
Despite the decrease in plasma insulin during the fast, plasma glucose also decreased with fasting. Glucocorticoids decrease insulin sensitivity in skeletal muscle and adipose tissue and stimulate hepatic gluconeogenesis (23, 29, 31) , both of which can increase plasma insulin levels. However, the Fig. 2 . Mean Ϯ SE ratios and representative Western blots of PPAR␥ to ␤-actin (A) and p-AMPK to AMPK (B) in adipose tissue from Early (2-3 wk postweaning; n ϭ 9) and Late (6 -8 wk postweaning; n ϭ 8) groups of prolong-fasted seals. *Significant difference from Early group at P Ͻ 0.05, ‡Significant difference from Early group at P Ͻ 0.001. Fig. 3 . Mean Ϯ SE ratios and representative Western blots of phosporylated insulin receptor (p-IR) to IR (A), phosphorylated IR substrate-1 (p-IRS-1) to IRS-1 (B), phosphatidylinositol 3-kinase (PI3k; C) to ␤-actin, and p-Akt to Akt (D) in adipose tissue from Early (2-3 wk postweaning; n ϭ 9) and Late (6 -8 wk postweaning; n ϭ 8) groups of prolong-fasted seals. *Significant difference from Early group at P Ͻ 0.05, #significant difference from Early group at P Ͻ 0.01, ‡signifi-cant difference from Early group at P Ͻ 0.001.
glucocorticoid-related increase in plasma insulin can be attenuated by a direct inhibitory effect of glucocorticoids on insulin release from pancreatic ␤-cells (1, 3, 11, 16, 22, 27, 30, 34 ). In the present study, the decrease in plasma insulin, which occurs concurrently with the increase in plasma cortisol, suggests that cortisol may have suppressed insulin secretion as has been reported previously (27) .
Glucocorticoids play a critical adaptive role in regulating carbohydrate and lipid metabolism. During stressful conditions, such as prolonged food deprivation, elevated glucocorticoid release stimulates hepatic gluconeogenesis and increases the concentration of free fatty acids in plasma (12, 14, 22, 38) . Both of these conditions counteract the actions of insulin in various tissues either by inhibiting the IR or by decreasing the Glut4-mediated uptake of glucose (29, 31) . In the present study, fasting was associated with a twofold increase in plasma cortisol and an 18% decrease in plasma glucose, suggesting that glucose utilization is much greater than glucocorticoidinduced endogenous glucose production (5, 18, 32, 33) . This decrease in plasma glucose in the presence of a 31% increase in adipose Glut4 corroborates the suggestion that tissue (i.e., adipose) glucose uptake is increased.
Glut4 protein was upregulated in the presence of reduced insulin signaling. Although we measured no significant changes in the total protein expression of IR, IRS-1, or Akt2, the significant decreases in their phosphorylated forms along with a decrease in PI3-kinase late in the fast is indicative of diminished insulin signaling via decreased phosphorylation. The decrease in insulin signaling was associated with a 63% decrease in plasma insulin, suggesting that adipose was responding to the decrease in stimulus (plasma insulin). Alternatively, the decrease in plasma glucose associated with decreased plasma insulin may suggest an increase in insulin sensitivity. However, the decrease in insulin and insulin signaling in the presence of a 23% decrease in plasma adiponectin would argue against that alternative and suggests that the elephant seal develops insulin resistance over the course of its fast (25) . This is reinforced further by the decrease of PPAR␥ whose expression has been associated with insulin sensitivity in humans (6, 25) . The decreases in PPAR␥ and plasma adiponectin also demonstrate that the adipocytes were mature (15) , and so differentiation does not likely contribute to the observed increase in Glut4. Because it is not typically upregulated during an insulin-resistant state or with fasting, the increased expression of Glut4 in adipose tissue during prolonged fasting is a unique observation.
Additionally, AMPK has been shown to stimulate glucose uptake by increasing the translocation of Glut4 in adipocytes (39) . Increased phosphorylation of AMPK (increased the ratio of p-AMPK to AMPK) late in the fast may have contributed to increased Glut4 translocation in adipose tissue that may have contributed to the decrease in plasma glucose. Thus, the upregulation of Glut4 in adipose tissue during prolonged fasting suggests that there is an insulin-independent increase in Glut4 expression and subsequent cellular glucose uptake, which may result from increased AMPK activity.
In conclusion, the parallel decreases in plasma glucose and insulin in conjunction with the increase in plasma cortisol suggest that insulin secretion is suppressed via increased cortisol. The decrease in intracellular adipose insulin signaling corresponds with a decrease in plasma insulin and plasma adiponectin, suggesting that there is a decrease in insulin sensitivity. This reduced insulin signaling, and likely reduced insulin sensitivity, is the consequence of reduced phosphorylation events. Despite the decrease in insulin signaling, the insulin-responsive glucose transporter, Glut4, is still upregulated in adipose tissue in prolong fasted seals. This suggests that Glut4 translocation is not insulin-dependent in this model and may rely instead on AMPK activity. Furthermore, the increase in adipose Glut4 coincides with the decrease in plasma glucose, suggesting that glucose uptake and utilization is increased in spite of suppressed insulin signaling. Despite the modest decrease in plasma glucose, the maintenance of high levels may be imperative to sustain increased glucose utilization by tissues to support many physiological functions during the fast and/or in anticipation of the ensuing diving life style following their extended fasts.
Perspectives and Significance
To the best of our knowledge, the present study is the first to investigate the cellular insulin signaling pathway in a mammal that is adapted to a state of chronic hyperglycemia. Thus, the present study provides a unique perspective on mammalian insulin signaling as well as the initial description of a mammal, which not only tolerates chronically elevated glucose concentrations, but may actually require them to maintain proper function (5, 13) . From an evolutionary perspective, the regulation of metabolic substrates during prolonged fasting (2-3 mo) are not well defined, so this study provides a more comprehensive understanding of the cellular mechanisms evolved by elephant seals to regulate carbohydrate. A recent study using the hibernating ground squirrel has shown increases in the expression of Glut4 in muscle during periods of reduced insulin secretion (i.e., torpor, hibernation) (36) . Although fasting and hibernation result in different physiological responses, this suggests that the upregulation of Glut4 may be a shared trait between mammals that are adapted to prolonged food deprivation. Eventually, elucidation of the cellular and Fig. 4 . Mean Ϯ SE % change from control (Early group) of protein expression and a representative Western blot of adipose glucose transporter 4 (Glut4) from the Early (2-3 wk postweaning; n ϭ 9) and Late (6 -8 wk postweaning; n ϭ 8) groups of prolong-fasted seals. #Significant (P Ͻ 0.01) difference from Early group.
